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to promote the in situ degradation of contaminants [4,5]. Forced bioremediation methods have the 
advantage of transforming contaminants to non-hazardous products in situ [6]. Most of the in situ or ex 
situ remediation technologies (e.g. soil vapour extraction, thermal desorption, dual-phase extraction, air 
sparging, soil washing, etc) displace the pollutants without destroying them. Only incineration, bio-
treatment, and chemical oxidation may transform the pollutants to less toxic species. On the other hand, 
soils contaminated by recalcitrant compounds that are resistant to biological transformation are difficult to 
remediate.  
Some of these techniques are highly energy- consuming, have low remediation efficiency and often a 
subsequent treatment of generated gases or liquids is required. Another problem of key importance is the 
potential transfer of a fraction of the pollutant mass from the subsurface toward the surrounding 
environment i.e. air and groundwater. There is a lack of cost-effective technologies promoting the fast 
removal of organic pollutants from soils, avoiding their transfer to water or air, and minimizing the 
environmental impacts. 
In recent years, non-thermal plasma (NTPs) chemistry has received a great deal of attention as a 
potential application for wastewater treatment [7-10]. NTPs are unique in inducing various non-
equilibrium chemical reactions at room temperature. Highly energetic electrons are the entities by which 
NTPs chemicals can effectively degrade environmental pollutants [11]. Such electrons act as “electronic 
scissors” and can provide sufficient energy to break the chemical bonding of virtually any gas molecule 
by inelastic collision with background molecules [12]; these reactions also produce secondary electrons 
and highly reactive species These active species are capable to oxidize the pollutants, the degree of 
oxidation depending on the energy injected [12]. Some of these active species have been identified: 
atomic oxygen O, hydroxyl radical OH and ozone O3. Non thermal plasma (NTP) discharges are regarded 
as energetically efficient technologies in the case of the treatment of diluted media because no energy is 
wasted in heating. They are extensively studied since 15 years for the treatment of polluted gases and 
have been used with success to treat various hydrocarbon pollutants such as aliphatics, aromatic 
compounds, aromatic polycyclic compounds, halogenated solvents, etc [13-18]. 
During the last years, non-thermal plasma discharge technologies have started to be tested as advanced 
oxidation technologies for the remediation of polluted soils. The limitations encountered when treating 
polluted soils with the conventional technologies could be overcome by creating the electrical discharge 
directly in the contaminated soil to be treated by imposing a high electric potential between two 
electrodes. 
There is a limited number of studies on the treatment of polluted soils by atmospheric Non-Thermal 
Plasma discharges. Recently, dielectric barrier discharge (DBD) has been used to oxidize kerosene 
components in a soil matrix [19] and remediate chloramphenicol (CAP) contaminated soil [20], while 
low-temperature pulsed corona discharge plasma has been used for the remediation of pentachlorophenol 
(PCP) and p-nitrophenol contaminated soil [21,22]. However, a little attention has been paid on the scale-
up of the plasma discharge techniques to large-scale systems able to remediate soils under ex situ and 
continuous feed conditions. The goal of the present work is to examine the role of several parameters (soil 
type and heterogeneity, NAPL concentration, energy consumption) on the remediation efficiency of soils 
contaminated by a model NAPL (mixture of n-C10, n-C12 and n-C16) by using cold DBD plasma and an 
experimental setup that can easily be up-scaled to industrial scale. 
 
2. Experimental 
 
2.1. Materials and methods 
 
Two soil samples of different type and degree of micro-heterogeneity (narrow and broad grain/pore 
size distribution, respectively) were used in this study. The first one (S1) is a commercial silicate sand 
that was sieved and a fragment with grain sizes in the range 125-250 μm was isolated. In this manner, a 
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narrow grain size distribution, which is characteristic of homogeneous soils, was attained. The second one 
(S5), a loamy sandy soil collected from the Region of Western Greece, has a broad grain size distribution 
(Table 1) which is characteristic of heterogeneous soils. The content of sand, silt and clay in soil S5 is 
83%, 4% and 13%, respectively. 
The pollutant used for the contamination of the abovementioned soils is a synthetic NAPL (non-
aqueous phase liquid) composed of equal concentrations of n-decane, n-dodecane and n-hexadecane, all 
purchased from Merck. 
Preweighted amounts of soil samples were mixed with three acetone solutions of NAPL and then left 
for several hours until the acetone evaporation is completed. In this manner, three different NAPL 
concentrations in soil (1 g/kg-soil, 10 g/kg-soil, 100 g/kg-soil) were achieved. 
 
Table 1. Soil properties. 
 
Soil S1 S5 
Porosity,  0.40 0.45 
Grain size range, Dg 125-250 μm 
Dg>125 μm: 69% 
50 μm<Dg<125 μm: 14% 
2 μm<Dg<50 μm: 4% 
Dg<2 μm: 13% 
 
2.2. Experimental setup 
 
The experimental apparatus used to perform ex-situ plasma discharge experiments consists of a high 
voltage power supply and a dielectric barrier discharge (DBD) reactor (Fig. 1) inserted in a Plexiglas box. 
The high voltage power supply generates an alternative voltage ranging from 12 to 14 kV peak to peak 
with a frequency of 40 kHz.  
 
 
Fig. 1. Ex situ DBD plasma reactor. 
 
The cylinder-to-plane reactor (Fig. 1) consists of a stainless steel high voltage electrode and a stainless 
steel ground electrode. The high voltage electrode has length and diameter equal to 80 mm and 13 mm, 
respectively, and is covered by an alumina dielectric of thickness 4 mm. The ground electrode (97 mm x 
85 mm x 10mm) is a belt conveyor moving with the aid of a motor in both directions at a constant 
velocity 40 mm min-1. The gap between the alumina dielectric and ground electrode is fixed at 2 mm. In 
each experiment, 5 g of contaminated soil is spread uniformly along the ground electrode at a thickness 
around 1 mm. Atmospheric pressure air is injected as reactant gas, at constant flow rate 1 L min-1. A 
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digital oscilloscope (LeCroy LT 342, 500MHz) is used to measure the voltage and current intensity in 
order to calculate the plasma discharge power .   
 
2.3. Chemical analysis 
 
After the end of each experiment, each soil sample was weighted precisely, placed quickly in a PTFE 
cap glass flask, and mixed with 5 ml of dichloromethane (DCM). All samples were shaken for 2.5 hours 
on an overhead shaker at speed 12 rpm; then the collected extract was filtered through 0.45 μm PTFE 
filters and, finally, the filtrate was analyzed to determine the residual NAPL concentration in soil. 
GC-FID (GC 2014 Shimadzu equipped with a fused silica capillary column) was used to measure the 
concentration of n-C10, n-C12 and n-C16. The injector and detector temperature were set to 250 °C and 280 
oC, respectively, and high-purity He gas was used as the carrier gas. The sample injection volume was 1 
μL and the split ratio was fixed at 1:15. A PETROCOL, Supelco capillary column (50 m X 0.2 mm) was 
used to separate the compounds with the following temperature program: initial temperature at 40 °C for 
10 min, 1st ramp at 1.1 °C min-1 to 114 °C, 2nd ramp at 1.7. °C min-1 to 250°C for 15min.  
 
3. Results and discussion 
 
3.1. Effect of soil heterogeneity on NAPL removal efficiency 
 
Experiments were performed in soils S1 and S5 for three total NAPL concentrations (1 g/kg-soil, 10 
g/kg-soil, 100 g/kg-soil) and treatment times ranging from 2.5 to 30 min, corresponding to energy 
densities (ED) 675- 10125 J/g-soil. The energy density is defined as 
 
                                                                                              (1) 
 
where  is the calculated power of plasma discharge (~ 25 W in this study),  is the treatment time (s), 
and  is the mass of soil treated (g). 
The overall percentage of removed NAPL as a function of energy density and initial NAPL 
concentration is shown in Fig. 2. The experimental results reveal that the removal efficiency increases 
with increasing energy, reaching a plateau at high energy values. For low NAPL concentrations (Fig. 2a 
and b) and short treatment times, the NAPL removal efficiency is higher for the homogeneous soil S1 
compared to that of the moderately heterogeneous soil S5. For high NAPL concentrations (Fig. 2c), 
where almost 60% of the porosity is saturated by NAPL for both soils, the NAPL removal efficiency is 
identical for S1, S5 and becomes independent of soil heterogeneity. 
At low saturations, the NAPL is distributed in the pore space in the form of small isolated blobs which 
are fully accessible to the gas phase oxidation active species created by DBD. In a homogeneous soil with 
uniform pore size distribution, the size distribution of these bolbs is narrow so that the gradiual NAPL 
oxidation leads to a uniform variation of the size of these bolbs. At high saturations that exceed the 
percolation threshold, the NAPl is mainly distributed as a continuous bulk phase of limited accessibility 
to the gas phase and oxidation active species created by DBD. Under such conditions, the bulk NAPL 
oxidation is expected to be slow and follow a zipper-like (cluster-growth) mechanism which is 
independent of pore size distribution.           
3.2. Effect of NAPL concentration on removal efficiency 
 
Fig. 3 illustrates the effect of NAPL concentration on remediation efficiency. For low concentrations, 
the NAPL removal efficiency becomes high (~100%) for very low energy density corresponding to short 
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soil treatment time. As concentration increases, the NAPL removal efficiency becomes respectable at 
high energy density (~ 10000 J/g). The maximum removal efficiency (plateau) ranges from 97 to 99.7% 
for soil S1 (Fig. 3a), revealing that NAPL has almost been removed completely. Regarding soil S5 (Fig. 
3b), no plateau is observed for the highest NAPL concentration (100 g kg-1), and NAPL removal 
efficiency reaches ~84% at energy density 6750 J/g. For lower concentrations (1 g kg-1 and 10 g kg-1), the 
NAPL removal efficiency in S5 ranges from 92 to 97%, but still it has the tendency to increase with 
energy density (Fig.3b). Therefore, it could be assumed that the NAPL removal efficiency in soil S5 
might approach to 100% at energy density close to 10000 J/g. 
3.3. Removal efficiency of each NAPL compound 
 
The removal efficiency of the model NAPL is controlled by the degradation rate of its constituents (n-
C10, n-C12, and n-C16). The removal efficiency of each NAPL compound as a function of energy density is  
 
 
 
 
Fig. 2. Effect of soil heterogeneity on NAPL removal efficiency under various NAPL concentrations (a) 1g kg-1; (b) 10g kg-1; (c) 
100g kg-1. 
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shown in Fig. 4. For both soils, the degradation rate of n-decane is higher than that of n-dodecane, which 
is also higher than that of n-hexadecane. In other words, the degradation rate of alkanes is inversely 
proportional to the number of carbon atoms and consistent with the higher energy required to break bonds 
of larger molecules of hydrocarbons. For high energy densities the degradation efficiency has the 
tendency to stabilize regardless of carbon atoms (Fig. 4). 
 
     
Fig. 3. Effect of NAPL concentration on removal efficiency (a) S1; (b) S5. 
 
      
Fig. 4. Removal efficiency of each NAPL compound (a) S1- 10 g kg-1; (b) S5- 10 g kg-1. 
 
4. Conclusions 
 
Ex-situ DBD plasma discharge experiments were performed in model-NAPL contaminated soils in 
order to evaluate the remediation efficiency as a function of soil heterogeneity, NAPL concentration, and 
treatment time, and examine the degradation rate of each NAPL constituent (n-decane, n-dodecane and n-
hexadecane). It was found that NAPL removal efficiency reaches 97 to 99.7% for an energy density of 
10000 J gsoil-1, indicating that all NAPL compounds (n-C10, n-C12 and n-C16) are oxidized, regardless of 
NAPL concentration and soil heterogeneity. For lower energy densities, the NAPL oxidation rate 
decreases as NAPL concentration increases and soil heterogeneity is enhanced. At high NAPL 
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concentrations and for saturations that exceed the percolation threshold of the porosity, the remediation 
efficiency becomes independent of soil heterogeneity due to the limited accessibility of gas phase to 
NAPL and a non-equlibrium cluster-growth mechanism of NAPL oxidation. Regarding the oxidation rate 
of each NAPL compound, it was found that the degradation rate decreases with the number of carbon 
atoms increasing in agreement with the energy requirements of the corresponding oxidation reactions.    
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